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FOREWORD 

The r e s e a r c h  r epo r t ed  h e r e i n  was sponso red  by the Arnold  
E n g i n e e r i n g  Development  C e n t e r  (AEDC), Ai r  F o r c e  Sys t ems  Com- 
mand (AFSC), under  P r o g r a m  E lemen t  65402234. 

The r e s u l t s  of r e s e a r c h  p r e s e n t e d  were  obtained by ARO, Inc. 
(a s u b s i d i a r y  of Sverd rup  and P a r c e l ,  Inc. ), con t rac t  o p e r a t o r  of the 
AEDC, AFSC, Arnold  Ai r  F o r c e  Station, T e n n e s s e e ,  under  Con t rac t  
AF 40(600)-1200. The r e s e a r c h  was conducted f rom D e c e m b e r  9, 1963, 
to F e b r u a r y  1, 1965, under  ARO P r o j e c t  No. VK3080, and the manu-  
s c r i p t  was submi t t ed  for  publ ica t ion  on F e b r u a r y  25, 1966. 

The s u c c e s s f u l  development  of th i s  u l t r a l igh twe igh t  model  l aunch-  
ing technique  has  been made  poss ib l e  by the suppor t  af forded the au thors  
by the L a u n c h e r  Development  Section of the A e r o p h y s i c s  B r a n c h  of 
VKF, AEDC. The ana ly s i s  of the l a u n c h e r  cyc les ,  with the aid of m i c r o -  
wave t echn iques  (developed by the A e r o p h y s i c s  In s t rumen ta t i on  Section) 
to d e t e r m i n e  the bes t  cyc le  for  l igh tweight  models ,  was c .arr ied out by 
A. J. Cable .  The modi f ica t ion  of c o m m e r c i a l  molding t echn iques  to sui t  
the p r e s e n t  appl ica t ion  was c a r r i e d  out by M. D. P r i n c e  and B. W. Duke. 
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ABSTRACT 

T e c h n i q u e s  have  b e e n  d e v e l o p e d  to l a u n c h  u l t r a l i g h t w e i g h t  m o d e l s  
(i. e . ,  d e n s i t i e s  on the  o r d e r  of 1 l b / f t  3) f r o m  a t w o - s t a g e  l i g h t - g a s  
gun. To date ,  s p h e r e s  and  c o n e s  have  b e e n  l a u n c h e d  wi th  s o m e  s u c c e s s .  
The  p u r p o s e  of the  d e v e l o p m e n t  was  to d e t e r m i n e  w h e t h e r  u s e f u l  a e r o -  
d y n a m i c  da ta  (e. g . ,  s p h e r e  d rag )  cou ld  be ob ta ined  in a s h o r t  a e r o b a l l i s t i c  
r a n g e  at  p r e s s u r e s  on the o r d e r  of 0 .01  m m  Hg. A n u m b e r  of s p h e r e s  
have  b e e n  l a u n c h e d  in s u p p o r t  of th i s  e f fo r t ,  s o m e  at p r e s s u r e s  as  low as  
0 .03  m m  Hg. T h e r e  is good a g r e e m e n t  b e t w e e n  t h e s e  m e a s u r e m e n t s  of 
s p h e r e  d r a g  c o e f f i c i e n t  and those  p r o d u c e d  in l o w - d e n s i t y  wind t u n n e l s .  
The  a p p l i c a t i o n  of th is  t e c h n i q u e  to a l o n g e r  r a n g e  hav ing  a l o w e r  p r e s s u r e  
c a p a b i l i t y ,  say ,  0. 001 m m  Hg, would  p e r m i t  m e a s u r e m e n t s  to be m a d e  
in the n e a r - f r e e - m o l e c u l e  f low r e g i m e .  
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SECTION I 
INTRODUCTION 

The  a c c u r a c y  of d r a g  m e a s u r e m e n t s  in an a e r o b a l l i s t i c  r a n g e  
d e p e n d s  upon the  p r e c i s i o n  with which  m o d e l  weight ,  d i a m e t e r ,  ve loc i ty ,  
and d e c e l e r a t i o n  and r a n g e  t e m p e r a t u r e  and p r e s s u r e  can be m e a s u r e d .  
M e a s u r e m e n t  of al l  of t h e s e  quan t i t i e s  excep t  d e c e l e r a t i o n  is i n d e p e n d e n t  
of m o d e l  m a t e r i a l ,  and in a we l l  i n s t r u m e n t e d  a e r o b a l l i s t i c  r a n g e  t h e s e  
q u a n t i t i e s  can  be m e a s u r e d  with a high d e g r e e  of a c c u r a c y  o v e r  a wide 
r a n g e  of v e l o c i t y  and p r e s s u r e .  B e c a u s e  d e c e l e r a t i o n  is i n v e r s e l y  p r o -  
p o r t i o n a l  to the p roduc t  of m o d e l  d e n s i t y  and the  cube of the d i a m e t e r  
(prod3), in o r d e r  to have  a m e a s u r a b l e  d e c e l e r a t i o n  at low a m b i e n t  
p r e s s u r e s ,  the p r a c t i c e  has  b e e n  to r e d u c e  the  m o d e l  s i ze .  V e l o c i t y  
and, hence ,  d e c e l e r a t i o n  m e a s u r e m e n t s  a r e  m a d e  by p h o t o g r a p h i n g  the 
m o d e l  p o s i t i o n  at m e a s u r e d  t i m e s  with r e s p e c t  to a s e r i e s  of f ixed  po in t s  
in the  r ange .  The  p r o b l e m s  of d e t e c t i n g  and p h o t o g r a p h i n g  s m a l l  m o d e l s  
l i m i t  the  a p p l i c a b i l i t y  of th i s  " s m a l l  m o d e l "  t e chn ique .  

SECTION II 
TEST FACILITY 

2.1 HYPERVELOCITY PILOT RANGE 

The  h y p e r v e l o c i t y  pi lot  r a n g e  ( A r m a m e n t  T e s t  Cel l ,  H y p e r b a l l i s t i c  
(K)) has  a 75-f t  i n s t r u m e n t e d  l eng th  wi th  s ix  d u a l - a x i s  s h a d o w g r a p h  
s t a t i o n s  s p a c e d  at 15-ft  i n t e r v a l s .  Range K was e s t a b l i s h e d  with the in-  
t e n t i o n  of i n v e s t i g a t i n g  l a u n c h i n g  and i n s t r u m e n t a t i o n  t e c h n i q u e s  fo r  u se  
in o t h e r  h y p e r v e l o c i t y  r a n g e s ,  wi th  p a r t i c u l a r  r e f e r e n c e  to the  1000-f t  
h y p e r v e l o c i t y  r a n g e  ( A r m a m e n t  T e s t  Cel l ,  H y p e r b a l l i s t i c  (G)) which  has  
an 850-f t  i n s t r u m e n t e d  l eng th .  Range  K c o n s i s t s  of the  fo l lowing  m a j o r  
c o m p o n e n t s :  l a u n c h e r ,  b l a s t  and r a n g e  tanks ,  and i n s t r u m e n t a t i o n .  

2.2 LAUNCHER 

The l a u n c h e r  is a t w o - s t a g e  l i g h t - g a s  gun c o n s i s t i n g  of a p o w d e r  
c h a m b e r ,  pump tube,  h i g h - p r e s s u r e  sec t ion ,  and l a u n c h  tube.  The  
p o w d e r  c h a m b e r  and pump tube a r e  u s e d  with a x~ariety of h i g h - p r e s s u r e  
s e c t i o n s  and l aunch  tubes  r a n g i n g  in i n t e r n a l  d i a m e t e r  f r o m  0 .5  to 
1 .0  in. Some  idea  of the  v e l o c i t y  dapab i l i ty  of th i s  l a u n c h e r  as a func t ion  
of i n -gun  weigh t  is  g iven  in Fig .  1. 
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Two m a i n  t y p e s  of s abo t s  {Fig. 2) a r e  u s e d  wi th  th i s  l a u n c h e r .  

1. A e r o d y n a m i c  - The  a e r o d y n a m i c  f o r c e s  s e p a r a t e  the  m o d e l  and 
the sp l i t  sabot .  

. M e c h a n i c a l  - The  s e p a r a t i n g  f o r c e s  a r e  p r o v i d e d  by m e c h a n i c a l  
m e a n s .  The  m o d e l  is i n i t i a l l y  s e p a r a t e d  f r o m  the  s abo t  by s t e e l  
p ins  p l a c e d  at  the  m u z z l e  exi t  and se t  to i n t e r f e r e  wi th  sabo t  
a lone .  The  sabo t  is t hen  t r a p p e d  by a p i e c e  of l e a d  w h i c h  has  a 
ho le  in i ts  c e n t e r  to a l l ow  p a s s a g e  of the m o d e l ,  o r  is  d e f l e c t e d  
onto a c a t c h e r  p la te  by an i n c l i n e d  r a m p  a d j u s t e d  s u c h  tha t  the 
m o d e l  can  p a s s  f r e e l y .  Both  t y p e s  of s t r i p p e r s  have  t h e i r  
p a r t i c u l a r  a p p l i c a t i o n s .  

2.3 BLAST AND RANGE TAN'KS 

Both of t h e s e  t anks  a r e  6 - f t - d i a m  c y l i n d e r s  c o n n e c t e d  by  a s h o r t  
spool  c o n t a i n i n g  a h i g h - v a c u u m  v a l v e  wh ich  p e r m i t s  the  i s o l a t i o n  of 
the  two t anks .  

The  b l a s t  t ank  is  12 ft long  and has  a s e r i e s  of p o r t s  a long  the  s i d e s  
and u p p e r  s u r f a c e  to p e r m i t  X - r a y  p h o t o g r a p h y  of the  m o d e l  and sabo t  
l e a v i n g  the  m u z z l e  of the gun. At the  d o w n r a n g e  end of th i s  t ank  is  an  
e a s i l y  r e m o v a b l e  p l a t e  wi th  a s m a l l  ho le  in i t s  c e n t e r .  Th i s  p la te  
s e r v e s  the p u r p o s e  of r e s t r i c t i n g  the f low of m u z z l e  gas  into the  r a n g e ,  
p r e v e n t i n g  e n t r y  of sabo t  f r a g m e n t s  g e n e r a t e d  by  s t r i p p i n g ,  and a l s o  of 
m i n i m i z i n g  the  e f f ec t  of m u z z l e  f l a s h  on d o w n r a n g e  d e t e c t i o n  e q u i p m e n t .  

The  r a n g e  t ank  is 103 ft long  and is equ ipped  wi th  d u a l - a x i s  
s h a d o w g r a p h  s t a t i o n s  i n s t a l l e d  at  a p p r o x i m a t e l y  15-f t  i n t e r v a l s .  Th i s  
s y s t e m ,  who l ly  o u t s i d e  the  r a n g e  t ank  excep t  fo r  the  p l a s t i c  F r e s n e l  
l e n s e s ,  was  d e s i g n e d  p r i m a r i l y  to p h o t o g r a p h  the  p o s i t i o n s  and a t t i t ude  
of the  m o d e l .  

The  b l a s t  and r a n g e  t anks  have  i n d e p e n d e n t  p u m p i n g  s y s t e m s  wh ich  
g r e a t l y  f a c i l i t a t e  t e s t i n g  at low p r e s s u r e s  b e c a u s e  the r a n g e  t ank  can  be 
kept  at a low p r e s s u r e  whi le  the  gun is c l e a n e d  and  r e l o a d e d .  A c h e c k  
on the c a p a b i l i t y  of the  r a n g e  t ank  p u m p i n g  s y s t e m ,  w h i c h  c o n s i s t s  of a 
m e c h a n i c a l  pump,  a R o o t e s  b l o w e r  and an oil  d i f fus ion  pump,  i n d i c a t e s  
tha t  p r e s s u r e s  on the  o r d e r  of 0. 001 m m  Hg can  be  a t t a i n e d  r e l a t i v e l y  
e a s i l y .  

2 
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2.4 INSTRUMENTATION 

O v e r  the  r a n g e  of p r e s s u r e s  c o n s i d e r e d  h e r e i n ,  two p r e s s u r e  
g a g e s  have  b e e n  u s e d :  

1. Oil  m i c r o m a n o m e t e r  - Th i s  gage  is b a s e d  on one d e s i g n e d  f o r  
the U n i v e r s i t y  of C a l i f o r n i a  l o w - d e n s i t y  wind t unne l s  and 
u s e d  e x t e n s i v e l y  in the V K F  l o w - d e n s i t y  and h y p e r s o n i c  wind 
t u n n e l s  (Ref.  1). Th i s  i n s t r u m e n t  has  p r o v e d  to be r e l i a b l e ,  
r e p e a t a b l e ,  and to have  a r e s o l u t i o n  on the o r d e r  of 
0. 0015 m m  Hg. 

2. B a r a t r o n - T h i s  gage  is a v a r i a b l e  c a p a c i t a n c e  p r e s s u r e  t r a n s -  
d u c e r  c a p a b l e  of a c c u r a t e  m e a s u r e m e n t s  down to 0 .03  m m  Hg. 

Above 0 .5  m m  Hg, w h e r e  the m i c r o m a n o m e t e r  s t i l l  has  s u f f i c i e n t  
r e s o l u t i o n  to g ive  an a c c u r a t e  m e a s u r e m e n t ,  both g a g e s  a r e  in good 
a g r e e m e n t .  B e l o w  th i s  p r e s s u r e  a new p r e s s u r e  c a l i b r a t i n g  dev i ce ,  
d e s i g n e d  and  bui l t  in VKF,  is b e i n g  u s e d  to c h e c k  the  B a r a t r o n .  T h e s e  
g a g e s  and a n o t h e r  one u s e d  fo r  h i g h e r  p r e s s u r e  l e v e l s  a r e  a l l  c o n n e c t e d  
to a s t a i n l e s s  s t e e l  m a n i f o l d  w h i c h  can  be i s o l a t e d  f r o m  the  r a n g e  when  
not  in u s e  and kept  at a low p r e s s u r e .  Th i s  t e c h n i q u e  has  been  he lpfu l  
in r e d u c i n g  the  c o n t a m i n a t i o n  of the  gages  by the r a n g e  e n v i r o n m e n t .  

R a n g e  t ank  t e m p e r a t u r e  is m e a s u r e d  wi th  c o p p e r - c o n s t a n t a n  t h e r m o -  
c o u p l e s  l o c a t e d  at f ou r  s t a t i o n s  a long  the  l e n g t h  of the r a n g e  tank.  

F o r  the p r e s e n t  i n v e s t i g a t i o n ,  a s h a d o w  d e t e c t o r  has  b e e n  u s e d  to 
t r i g g e r  the  s p a r k  s h a d o w g r a p h  s y s t e m .  Th i s  c o n s i s t s  of a b e a m  of l igh t  
s h i n i n g  a c r o s s  the  m o d e l  t r a j e c t o r y  onto a p h o t o t r a n s i s t o r .  The i n t e r -  
r u p t i o n  of th i s  l i gh t  b e a m  by the  m o d e l  c a u s e s  an e l e c t r i c a l  p u l s e  to 
t r i g g e r  the  s h a d o w g r a p h  s p a r k  s o u r c e  which,  in tu rn ,  s tops  o r  s t a r t s  
the  c h r o n o g r a p h  c o n n e c t e d  to tha t  s t a t ion .  

S h a d o w g r a m s  of the  m o d e l  a r e  ob t a ined  f o r  e a c h  of the six o r t h o g o n a l  
s t a t i o n s .  Mode l  pos i t i on ,  wi th  r e s p e c t  to the r a n g e  m a s t e r  ax is  s y s t e m ,  
is then  d e t e r m i n e d .  T h e s e  p o s i t i o n  data ,  t o g e t h e r  with the t i m i n g  v a l u e s  
o b t a i n e d  with  the  1 0 - m c  c h r o n o g r a p h s ,  p e r m i t  the  v e l o c i t y  to be c a l c u -  
l a t e d  to an a c c u r a c y  g e n e r a l l y  b e t t e r  than  ~ 0 . 0 3  p e r c e n t .  

SECTION III 
LIGHTWEIGHT MODELS 

E x p e r i e n c e  with the  o p e r a t i o n  of Range  K has  i n d i c a t e d  that ,  p r o -  
v i d e d  the  v e l o c i t y  d r o p  o v e r  the  i n s t r u m e n t e d  l e n g t h  is at l e a s t  1 p e r -  
cen t ,  the  s p h e r e  d r a g  c o e f f i c i e n t  can  be m e a s u r e d  with  an a c c u r a c y  of 
+1 .5  p e r c e n t .  
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The d r a g  coe f f i c i en t  of a body in f r e e  f l ight  can b e  e x p r e s s e d  in 
the  f o r m :  

CD = m dV 2 
,it pv~s (1) 

Or ,  r e w r i t i n g  m o d e l  m a s s  in t e r m s  of m o d e l  d i a m e t e r  and dens i ty ,  

CD = (4,"3} ~pmd)  / ( p V ' ) ] ( d V / d t )  (2) 

If we c o n s i d e r  a 1 - p e r c e n t  v e l o c i t y  d rop  fo r  a 1 /2 - i n .  - d i a m  s t e e l  
s p h e r e  hav ing  a d r a g  c o e f f i c i e n t  C D = 0.9,  we f ind f r o m  Eq. (2) that  
such  a t e s t  can be m a d e  at 40 m m  Hg. If the p r o d u c t  pmd is r e d u c e d  
by s e v e r a l  o r d e r s  of m a g n i t u d e ,  then  the  p r e s s u r e  at which  an a c c u r a c y  
of d r a g  m e a s u r e m e n t  of +1.5  p e r c e n t  is s t i l l  a t t a inab le  is r e d u c e d  
c o r r e s p o n d i n g l y .  In r e d u c i n g  the p roduc t  pm d, d e t e c t o r  p e r f o r m a n c e  
l i m i t a t i o n  m a k e s  it d e s i r a b l e  to conf ine  s p h e r e  d i a m e t e r  to a m i n i m u m  
of 1/8 in. Now fo r  the  s t e e l  s p h e r e  c o n s i d e r e d  above,  pm d = 240 in. - 

"lb/ft3;  fo r  a 1 /8 - i n .  - d i a m  s p h e r e  hav ing  a d e n s i t y  of 1 l b / f t  3, th i s  
p r o d u c t  is 1/8.  Th i s  i m p l i e s  that  the  p r e s s u r e  at which  such  a m o d e l  
cou ld  be t e s t e d  is a p p r o x i m a t e l y  0 .02  m m  Hg ( a s s u m i n g  C D = 0 .9) .  
The  p r o b l e m  is to a c h i e v e  t h e s e  v e r y  low m o d e l  d e n s i t i e s .  

Hol low m e t a l  m o d e l s  w e r e  c o n s i d e r e d ,  but it was found that  m o d e l s  
of th i s  f o r m ,  when they  w e r e  m a d e  l ight  enough to s a t i s f y  the  above  
r e q u i r e m e n t ,  w e r e  not s t r o n g  enough to s u r v i v e  l a u n c h i n g  f r o m  a l i gh t -  
gas  gun. Mode l s  of th is  o r d e r  of dens i t y  could  be e a s i l y  m a d e  f r o m  
f o a m e d  p l a s t i c s .  H o w e v e r ,  l i t t l e  data  w e r e  ava i l ab l e  on the  s t r e n g t h  of 
f o a m e d  p l a s t i c s  when e x p o s e d  to the l oads  e x p e r i e n c e d  in a l i g h t - g a s  
gun. 

T h e r e f o r e ,  to obta in  s o m e  idea  as to the  f e a s i b i l i t y  of u s i n g  f o a m e d  
p l a s t i c ,  a l a r g e ,  1 . 8 - i n .  - d i a m  s p h e r e  was m a c h i n e d  f r o m  a s lab  of 
f o a m e d  p l a s t i c  (S ty ro foam ®) hav ing  a dens i t y  of a p p r o x i m a t e l y  2.5 Ib / f t  3. 
Th is  p a r t i c u l a r  m a t e r i a l  is u s e d  e x t e n s i v e l y  as i n su l a t i on  in bu i ld ing  
c o n s t r u c t i o n .  It is c h a r a c t e r i z e d  by a s m a l l  c e l l u l a r  s t r u c t u r e  which  
m a c h i n e s  wel l ,  a l though  the  s u r f a c e  f i n i sh  would  be t e r m e d  a e r o d y n a m i -  
ca l ly  rough.  A 2 .3- in .  - c a l  s i n g l e - s t a g e  gun was u s e d  to l a u n c h  th i s  
s p h e r e  at a v e l o c i t y  of 4450 f t / s e c  into a p r e s s u r e  of 0 .1  m m  Hg. The  
r e s u l t i n g  o r t h o g o n a l  s h a d o w g r a p h  (Fig .  3) p i c t u r e s  i nd i ca t e  no s i g n i f i c a n t  
m o d e l  d e f o r m a t i o n  u n d e r  t h e s e  cond i t i ons  of launch.  The  d e b r i s  b e t w e e n  
the  m o d e l  and sabot  is c o n s i d e r e d  to have  o r i g i n a t e d  in the  m a c h i n i n g  
p r o c e s s ,  w h e r e  it was  o c c l u d e d  in the s u r f a c e  s t r u c t u r e ,  and was s h a k e n  
l o o s e  by the l a u n c h i n g  p r e s s u r e  p u l s e s .  P e r h a p s  the m o s t  s t r i k i n g  
a s p e c t  of t h e s e  p i c t u r e s  is the fact  that,  a l though no a t t e m p t  was  m a d e  

4 
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to s t r i p  the  m o d e l  f r o m  the sabot ,  the s e p a r a t i o n  b e t w e e n  the  m o d e l  and 
sabo t  i n c r e a s e d  with  d i s t a n c e  d o w n r a n g e  even  though  the  weight  r a t i o  of 
sabot  to m o d e l  was  on the o r d e r  of 100: l .  (It was  found in s u b s e q u e n t  
t e s t s  wi th  t h e s e  foam m o d e l s  that  at low p r e s s u r e s  t h e r e  was  a t e n d e n c y  
fo r  n a t u r a l  s e p a r a t i o n  to o c c u r .  ) 

A l though . i t  was  r e a l i z e d  tha t  a m o d e l  wi th  th is  type  of p o r o u s  s u r - '  
f a c e  would  not be a c c e p t a b l e  a e r o d y n a m i c a l l y ,  it was  d e c i d e d  to p u r s u e  
the  i n v e s t i g a t i o n  to h i g h e r  v e l o c i t i e s  wi th  s m a l l e r  m o d e l s .  Us ing  the 
l - i n . - d i a m  l a u n c h - t u b e  c o n f i g u r a t i o n ,  it was  found that  3 / 4 - i n . - d i a m  
m o d e l s  of t h i s  m a t e r i a l  cou ld  be l a u n c h e d  to v e l o c i t i e s  of 15 ,000 f t / s e c .  
In th i s  p a r t  of the  s tudy  it was  d e t e r m i n e d  tha t  the  m o d e  of gun o p e r a t i o n  
was  not  i m p o r t a n t  f o r  v e l o c i t i e s  on the o r d e r  of 8000 f t / s e c .  H o w e v e r ,  
f o r  v e l o c i t i e s  g r e a t e r  than  th is ,  it was  n e c e s s a r y  to i n c r e a s e  the p i s t o n  
we igh t  f r o m  200 to 1000 gm in o r d e r  to p r e v e n t  m o d e l  d i s t o r t i o n  c a u s e d  
by the  h igh in i t i a l  l o a d i n g  c h a r a c t e r i s t i c  of the  l i g h t e r  p i s ton .  

At th is  s t a g e  of d e v e l o p m e n t  it was  d e c i d e d  that  f o a m e d  p l a s t i c  
m o d e l s  cou ld  g e n e r a t e  u s e f u l  a e r o d y n a m i c  data  (i. e . ,  d r a g  of a s p h e r e  
at low p r e s s u r e s ) .  The  m a i n  p r o b l e m  was  to p r o d u c e  a m o d e l  hav ing  an 
a c c e p t a b l y  s m o o t h  s u r f a c e  f in i sh .  F r o m  this  point  of v i ew the m o s t  
a t t r a c t i v e  f o a m e d  p l a s t i c  m a t e r i a l  a p p e a r e d  to be the  one of ten  u s e d  in 
the  m a n u f a c t u r e  of i ce  c h e s t s ,  p a c k a g i n g  fo r  e l e c t r o n i c  e q u i p m e n t ,  and 
c h i l d r e n ' s  t oys .  F r o m  the  c o m m e r c i a l  i t e m s  ava i l ab l e ,  it was  ev iden t  
that  a good s u r f a c e  f i n i s h  could  be a c h i e v e d  f o r  s m a l l  c o m p l e x  s h a p e s .  
In o r d e r  to get an idea  of i t s  s t r u c t u r a l  su i t ab i l i t y ,  s e v e r a l  s p h e r e s  w e r e  
m a c h i n e d  f r o m  a s lab  of th i s  m a t e r i a l  hav ing  a d e n s i t y  of a p p r o x i m a t e l y  
1 I b / f t  3. The  r e s u l t s  of t h e s e  l a u n c h i n g s  w e r e  s u f f i c i e n t l y  e n c o u r a g i n g  
to w a r r a n t  f u r t h e r  i n v e s t i g a t i o n .  

A s e a r c h  of the  l i t e r a t u r e  and a d i s c u s s i o n  wi th  a l o c a l  i c e - c h e s t  
m a n u f a c t u r e r  r e v e a l e d  that  the m a t e r i a l  is c a l l e d  Dyl i te  ® and that  it is  
an e x p a n d a b l e  p o l y s t y r e n e  p r o d u c e d  by K o p p e r s  Company ,  Inc.  F o r m -  
ing s h a p e s  f r o m  th i s  m a t e r i a l  is a t w o - s t a g e  p r o c e s s .  The  o r i g i n a l  
m a t e r i a l  is  a c l e a r  p l a s t i c  b e a d  hav ing  a d i a m e t e r  which  v a r i e s  b e t w e e n  
1/32 and 1/8 in. The  f i r s t  s t a g e  in the p r o c e s s  is to p l a c e  the  b e a d s  in 
a s t e a m  c h e s t  w h e r e  they  expand  and  b e c o m e  whi te  and opaque .  (A 
s e c t i o n  t h r o u g h  one of t h e s e  s p h e r e s ,  w h i c h  has  a s m o o t h  s u r f a c e ,  r e -  
v e a l s  tha t  the  i n t e r n a l  s t r u c t u r e  is c o m p o s e d  of a v e r y  l a r g e  n u m b e r  of 
m i n u t e ,  u n i f o r m  c e l l s .  ) T h e s e  p r e - e x p a n d e d  beads ,  t h r e e  to f ive  t i m e s  
t h e i r  o r i g i n a l  s i ze ,  a r e  l o a d e d  into  a mold ,  and s t e a m  is p a s s e d  t h r o u g h  
the  m o l d .  A f t e r  a c e r t a i n  l e n g t h  of t i m e ,  d e t e r m i n e d  f r o m  e x p e r i e n c e ,  
the s t e a m  f low is s topped ,  the m o l d  is opened ,  and the shape  is r e m o v e d .  
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In app ly ing  th i s  t e c h n i q u e  to the  m a n u f a c t u r e  of h i g h - q u a l i t y  
s p h e r e s  c o m p o s e d  of s i n g l e  b e a d s  and m u l t i p l e  b e a d s ,  s o m e  m o d i f i c a -  
t i ons  to the above  c o m m e r c i a l  m e t h o d  have  to be m a d e .  In the  f i r s t  
e x p a n s i o n  of the  beads ,  the  fac t  tha t  in a c o m m e r c i a l  p r o c e s s  s o m e  of 
t h e m  a r e  of p o o r  qua l i t y  m a k e s  l i t t l e  d i f f e r e n c e  to the s t r u c t u r a l  i n t e g r i t y  
of an  i t e m  tha t  c o n t a i n s  t h o u s a n d s .  F o r  the  p r e s e n t  app l i c a t i on ,  it was  
found tha t  by c a r e f u l l y  s e l e c t i n g  the b e s t  of the  p r e - e x p a n d e d  b e a d s ,  the  
n u m b e r  of f a i l u r e s  in the s e c o n d  s t a g e  of m o l d i n g  was  g r e a t l y  r e d u c e d .  
F o r  the  v e r y  s m a l l  s c a l e  of the e f fo r t ,  as  opposed  to a c o m m e r c i a l  u n d e r -  
t ak ing ,  the b e a d s  w e r e  f i r s t  e x p a n d e d  by  p l a c i n g  t h e m  on a l i gh t  a l u m i n u m  
t r a y  w h i c h  was  f l oa t ed  on s o m e  bo i l i ng  w a t e r .  B e c a u s e  of the  s m a l l  s c a l e  
of the  m o d e l s ,  s t e a m  cou ld  not  be p a s s e d  t h r o u g h  the  m o l d s .  Th i s  
p r o b l e m  was  s o l v e d  by m a k i n g  the  m o l d s  (F ig .  4) out of s e v e r a l  w e l l -  
f i t t ing  p i e c e s  and d e p e n d i n g  upon the  n a t u r a l  l e a k a g e  of s t e a m  into the  
i n t e r i o r  of the  m o l d  to e f f ec t  the  e x p a n s i o n  of the  b e a d s  c o n t a i n e d  t h e r e i n .  
The  r e q u i r e d  d e n s i t y  of the  m o d e l  d e t e r m i n e s  the  n u m b e r  of p r e - e x p a n d e d  
b e a d s  p l a c e d  in the  m o l d .  T h e  m o l d  is then  p l a c e d  in the  c o n t a i n e r ,  shown 
at the  top of the  f i g u r e ,  w h i c h  s e r v e s  as  a c l a m p  f o r  the  m o l d .  E x p e r i -  
e n c e  has  shown  tha t  the  qua l i t y  of the f ina l  m o d e l  is  m u c h  i m p r o v e d  by 
c a r r y i n g  out th i s  p a r t  of the  p r o c e s s  at  a p r e s s u r e  on the o r d e r  of 
30 p s i a .  F o r  th i s  p u r p o s e ,  a c o m m e r c i a l l y  a v a i l a b l e  p r e s s u r e  c o o k e r  
i s  u s e d .  P h o t o g r a p h s  of s o m e  of the  m o d e l s  and s a b o t s  a r e  shown  in 
F i g s .  5 and 6. 

T h e  l o w e s t  d e n s i t y  a t t a i n e d  wi th  th i s  m e t h o d  was  v e r y  n e a r l y  
1 l b / f t  3. Th i s  was  o b t a i n e d  by expand ing  a s i n g l e  bead  to 1 / 4 - i n .  d i a m e t e r .  
Many  a t t e m p t s  w e r e  m a d e  to expand  a s i n g l e  b e a d  to 7] 16- in .  d i a m e t e r  
which ,  had it b e e n  s u c e e s s f u l ,  would  have  g iven  a d e n s i t y  of l e s s  t han  
1 l b / f t  3. H o w e v e r ,  the bene f i t  of p r o d u c i n g  s u c h  a m o d e l  was  not  g r e a t  
enough  to w a r r a n t  the l a r g e  n u m b e r  of a t t e m p t s  tha t  it soon  b e c a m e  
e v i d e n t  would  be n e c e s s a r y .  All  m o d e l s  h a v i n g  a d i a m e t e r  g r e a t e r  than  
1/4  in. w e r e  m a d e  f r o m  m o r e  than  one bead  and had d e n s i t i e s  r a n g i n g  
up to 5 l b / f t  3. A d i f f e r e n t  t e c h n i q u e  was  u s e d  to p r o d u c e  the  1 / 8 - i n .  - d J a m  
s p h e r e s .  By c a r e f u l l y  s c r e e n i n g  the p r e - e x p a n d e d  s p h e r e s ,  a n u m b e r  of 
u s a b l e  1 / 8 - i n . - d i a m  s p h e r e s  h a v i n g  a r a n d o m  d e n s i t y  v a r i a t i o n  was  found.  

S e v e r a l  of the  m u l t i p l e  bead  m o d e l s  w e r e  s e c t i o n e d  and s t u d i e d  u n d e r  
a m i c r o s c o p e .  Th i s  r e v e a l e d  tha t  the bond ing  b e t w e e n  the  i n d i v i d u a l  
b e a d s  was  good and tha t  the i nd iv idua l  b e a d s  w e r e  u n i f o r m  in t h e m s e l v e s .  
A c h e c k  of the  m o d e l s  in a v a c u u m  c h a m b e r  i n d i c a t e d  tha t  t h e r e  was  no 
d e f o r m a t i o n  as the  p r e s s u r e  was  r e d u c e d .  

The  m a s s  c h a n g e s  c a u s e d  by  o u t g a s s i n g  w e r e  i n v e s t i g a t e d  as fo l l ows :  
A s l ab  of Dyl i t e  a p p r o x i m a t e l y  1 .5  by 6 .0  by 18 in. was  w e i g h e d  and t hen  
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p l a c e d  in a v a c u u m  c h a m b e r .  S e v e n t e e n  h o u r s  l a t e r  it was  r e m o v e d  
and  r e w e i g h e d .  A we igh t  l o s s  of 2 .5  p e r c e n t  (+10 p e r c e n t )  was  no t ed  
i m m e d i a t e l y  a f t e r  r e m o v a l  f r o m  the  v a c u u m  c h a m b e r .  F u r t h e r  m e a s -  
u r e m e n t s  w e r e  m a d e  wh ich  i n d i c a t e d  a r e g a i n i n g  of we igh t  wi th  t i m e .  
Th i s  t e s t  canno t  be c o n s i d e r e d  c o n c l u s i v e  s i n c e  the s l ab  of Dyl i te  
c o l l a p s e d  to about  50 p e r c e n t  of i ts  o r i g i n a l  v o l u m e  on b e i n g  e x p o s e d  
to the  v a c u u m .  The r e a s o n  fo r  th i s  m a y  be a t t r i b u t a b l e  to the fac t  
tha t  the  s p e c i m e n  was  cut  f r o m  a l a r g e r  s l ab  and c o n s e q u e n t l y  the  
o u t e r  s u r f a c e s  c o n s i s t e d  of m a n y  p a r t i a l  b e a d s .  S ince  the  m o d e l s  did 
not  c o l l a p s e  u n d e r  s t a t i c  t e s t i n g  o r  d u r i n g  l aunch ,  and t h e i r  s u r f a c e s  
c o n s i s t e d  of whole  b e a d s ,  the  we igh t  l o s s  f r o m  a m o d e l  p r e s u m a b l y  
wou ld  be l e s s  t han  tha t  of the s lab ,  i . e . ,  l e s s  than  2 .5  p e r c e n t .  

To s tudy  th i s  p r o b l e m  f u r t h e r ,  a s p h e r e  of the  type  t e s t e d  in the  
r a n g e  was  i m m e r s e d  in a s m a l l  f l a s k  of w e l l - o u t g a s s e d ,  d i f fus ion  p u m p  
oil .  The  f l ask ,  oil ,  and m o d e l  w e r e  t hen  we ighed .  T h e n  t hey  w e r e  
p l a c e d  in a be l l  j a r  and  he ld  at  a p r e s s u r e  of 0 .02  m m  Hg fo r  30 ra in  
(a t i m e  c o m p a r a b l e  to the  e x p o s u r e  in the  range}.  Bubb le s  w e r e  s e e n  
to e m a n a t e  f r o m  the  s p h e r e  in th i s  t i m e ,  i n d i c a t i n g  the p o s s i b i l i t y  of 
s u r f a c e  p o r o s i t y  even  wi th  a s e a l e d  bead .  On r e m o v a l  f r o m  the  be l l  
j a r  the  f l a sk ,  oil ,  and s p h e r e  w e r e  r e w e i g h e d  and  found to have  a 
we igh t  l o s s  of 2 .5  p e r c e n t  (+10 p e r c e n t ) .  F u r t h e r m o r e ,  no d i s t o r t i o n  
of the  s p h e r e  o c c u r r e d .  

Al though  the  c h a n g e s  in we igh t  i n d i c a t e d  by the two e x p e r i m e n t s  
j u s t  d e s c r i b e d  a r e  not  g r e a t  enough  to c a u s e  i n a d m i s s i b l e  e r r o r s  in 
the  e x p e r i m e n t a l  d e t e r m i n a t i o n  of d r ag ,  t h e r e  is an  add i t i ona l  a r g u -  
m e n t  tha t  m a y  be a d v a n c e d .  N a m e l y ,  no t ing  tha t  the  s p h e r e s  w e r e  
w e i g h e d  in a i r  and  that  o u t g a s s i n g  would  r e m o v e  m a i n l y  a i r ,  t hen  it 
m a y  be c o n c l u d e d  that  the  a i r  r e m o v e d  by o u t g a s s i n g  was  not i n c l u d e d  
in the  we igh t  d e t e r m i n e d  by the b a l a n c e  o r i g i n a l l y .  Thus ,  no c h a n g e  
in we igh t  a r o s e  f r o m  o u t g a s s i n g  of a i r  a lone .  

With the  p r o b l e m  of m a n u f a c t u r i n g  the m o d e l s  so lved ,  the next  
s t ep  was  to d e v i s e  a s u c c e s s f u l  m e t h o d  of m a k i n g  a c l e a n  l aunch .  
A f t e r  s e v e r a l  a t t e m p t s  wi th  a pin and l e a d  o r i f i c e  s t r i p p e r  (Fig .  2), it 
b e c a m e  a p p a r e n t  tha t  the m o d e l s  w e r e  be ing  d e s t r o y e d  by the  d e b r i s  
g e n e r a t e d  when  the sabot  s t r u c k  the l e a d  b lock .  T h e  pin and r a m p  
s t r i p p e r  shown in F ig .  2 has  p r o v e d  to be a s u c c e s s f u l  m e t h o d  f o r  l a u n c h -  
ing t h e s e  m o d e l s .  O r t h o g o n a l  p h o t o g r a p h s  (Fig .  7) of a v a r i e t y  of m o d e l s  
in f r e e  f l ight  in the  r a n g e  show tha t  if t h e r e  is any m o d e l  d i s t o r t i o n  it is  
not  e v i d e n t  in p h o t o g r a p h s  of t h i s  type .  

The  r e s u l t s  of s o m e  s p h e r e  d r a g  m e a s u r e m e n t s  a r e  shown in 
F i g s .  8 and 9. The  l o w e s t  p r e s s u r e  at  wh ich  d r a g  m e a s u r e m e n t s  have  
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b e e n  m a d e  is a p p r o x i m a t e l y  0 .03  m m  Hg. L o w e r  p r e s s u r e s  a r e  wi th in  
the c a p a b i l i t y  of the p r e s e n t  s y s t e m ;  the  i n d i c a t i o n s  of the  r e s u l t s  ob-  
t a i n e d  to da te  a r e  tha t  t e s t i n g  at p r e s s u r e s  of 0 .01  m m  Hg shou ld  p r o -  
duce  m e a n i n g f u l  r e s u l t s .  At such  a p r e s s u r e ,  the  m e a n  f r e e  pa th  in the  
r a n g e  a i r  is on the  o r d e r  of 0 .2  i n . ,  wh ich  c o r r e s p o n d s  to a K n u d s e n  
n u m b e r  of 3 fo r  a 1 / 8 - i n .  - d i a m  m o d e l .  A c o m p a r i s o n  of the p r e s e n t  
r e s u l t s  wi th  t h o s e  ob ta ined  in l o w - d e n s i t y  wind t u n n e l s  (Refs .  2 t h r o u g h  9) 
i n d i c a t e s  a good m e a s u r e  of a g r e e m e n t .  

Some l i m i t e d  w o r k  has  been  done on l a u n c h i n g  blunt  c o n e s ,  f a c i n g  
both  f o r w a r d  and r e a r w a r d  (Fig .  10). B e c a u s e  t h e s e  l a u n c h e s  w e r e  on ly  
to s tudy  m o d e l  s t r u c t u r a l  b e h a v i o r ,  s a b o t s  w e r e  not  s t r i p p e d .  The  
s u c c e s s  of t h e s e  l a u n c h i n g s  s e e m s  to i n d i c a t e  that  the  m e a s u r e m e n t  of 
d r a g  of o t h e r  u l t r a l i g h t w e i g h t  s h a p e s ,  in add i t i on  to s p h e r e s ,  is  wi th in  the  

c a p a b i l i t y  of the  p r e s e n t  s y s t e m .  

SECTION IV 
CONCLUSIONS 

T h e  u s e f u l n e s s  of a s h o r t ,  v a r i a b l e  p r e s s u r e  a e r o b a l l i s t i c  r a n g e  f o r  
the  m e a s u r e m e n t  of s p h e r e  d r a g  has  been  shown to be c o n s i d e r a b l y  in-  
c r e a s e d  by the  u s e  of u l t r a l i g h t w e i g h t  m o d e l s .  In fac t ,  it h a s  b e e n  shown  
that ,  at  a f ixed  v e l o c i t y ,  u s e f u l  da ta  can  be o b t a i n e d  o v e r  the p r e s s u r e  
r a n g e  f r o m  0 .03  to 760 m m  Hg. The  i n d i c a t i o n s  a r e  that  if th i s  t e c h n i q u e  
w e r e  u s e d  in l o n g e r  r a n g e s ,  u s a b l e  da ta  cou ld  be a c h i e v e d  at  p r e s s u r e s  
as  low as 0. 001 m m  Hg. Such a t e c h n i q u e  would  be u s e f u l  in that  h igh  
v e l o c i t y  da ta  cou ld  then  be p r o d u c e d  in the  n e a r - f r e e - m o l e c u l e  f low 
r e g i m e  wi th  the f low p r o p e r t i e s  known wi th  g r e a t  a c c u r a c y  and wi th  no 

s u p p o r t  i n t e r f e r e n c e .  

8 
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